The utility of acoustic radiation force impulse (ARFI) imaging for real-time visualization of abdominal malignancies was investigated. Nine patients presenting with suspicious masses in the liver (n = 7) or kidney (n = 2) underwent combined sonography/ARFI imaging. Images were acquired of a total of 12 tumors in the nine patients. In all cases, boundary definition in ARFI images was improved or equivalent to boundary definition in B-mode images. Displacement contrast in ARFI images was superior to echo contrast in B-mode images for each tumor. The mean contrast for suspected hepatocellular carcinomas (HCCs) in B-mode images was 2.9 dB (range: 1.5-4.2) versus 7.5 dB (range: 3.1-11.9) in ARFI images, with all HCCs appearing more compliant than regional cirrhotic liver parenchyma. The mean contrast for metastases in B-mode images was 3.1 dB (range: 1.2-5.2) versus 9.3 dB (range: 5.7-13.9) in ARFI images, with all masses appearing less compliant than regional non-cirrhotic liver parenchyma. ARFI image contrast (10.4 dB) was superior to Bmode contrast (0.9 dB) for a renal mass. To our knowledge, we present the first in vivo images of abdominal malignancies in humans acquired with the ARFI method or any other technique of imaging tissue elasticity.
Introduction
Effective visualization of potentially malignant masses is of paramount importance during both the diagnostic and treatment stages of patient care. This is particularly true during interventional procedures, where the significance of accurate, convenient and cost-efficient imaging mechanisms for guiding device placement has become increasingly evident. Accurate placement of interventional devices is vital to the success of both targeted biopsies (Charboneau et al 1990) and minimally invasive ablative therapies (De Baere et al 2000 , Antoch et al 2002 , Veit et al 2006 . Depending on the personal preferences of the intervening radiologist and the location and tissue properties of the target mass, procedure guidance is generally performed using ultrasound (US) (Sheafor et al 1998 , Rose et al 2001 , Won et al 2003 , Paulsen et al 2006 , CT (Wood et al 1999 , Mayo-Smith et al 2003 or MR (Konig et al 2004 , Silverman et al 2004 , Kariniemi et al 2005 methods. Each of these imaging modalities is associated with inherent advantages and limitations.
When feasible, sonography is the guidance method of choice at many institutions for procedures targeting the liver, kidneys, pancreas and lymph nodes (Paulsen et al 2006 , Sheafor et al 1998 , Won et al 2003 , Johnson et al 2001 , Tang et al 2002 . Advantages of US include widespread availability, real-time operation, relatively low cost and the lack of ionizing radiation. The use of US as a guidance mechanism also generally reduces the procedure time relative to cases where other guidance modalities are used (Sheafor et al 1998 (Sheafor et al , 2000 . However, a significant portion of patients present with masses that are difficult to visualize by US. These masses may be isoechoic, deeply located (Charboneau et al 1990) or positioned in difficult regions such as the hepatic dome (Lu et al 1997) . In these patients CT without or with CT fluoroscopy may be useful to guide the placement of an interventional device (Antoch et al 2002 , Paulsen et al 2006 , Mayo-Smith et al 2003 , although real-time placement is rarely implemented, given the radiation exposures involved (particularly to the operator) (Sheafor et al 2000 , Daly et al 1999 . The iterative nature of this method significantly increases the cost and time requirements of the procedure. Additionally, given the case of isodense and/or nonenhancing lesions, CT visualization may not be adequate for accurate device placement (Veit et al 2006) . For these cases, methods such as MR or combined PET/CT have been investigated (Veit et al 2006 , Konig et al 2004 , Silverman et al 2004 , Kariniemi et al 2005 , Lu et al 1997 , Kelekis et al 2003 . Although these guidance methods may allow for accurate device placement in masses not well visualized with US or CT, the incorporation of these modalities markedly increases the complexity and cost of the procedure (Veit et al 2006 , Kariniemi et al 2005 .
New and/or hybrid imaging modalities may offer key advantages for visualization and interventional guidance for difficult masses. For example, a number of research institutions are currently investigating the utility of various methods of imaging soft tissue elasticity. These methods (summarized in a review by Greenleaf et al (2003) ) interrogate tissue mechanical properties and produce images that are generally representative of underlying tissue stiffness. Elasticity imaging methods have shown clinical promise for in vivo detection of malignancies located in the breast (Cespedes et al 1993 , Garra et al 1997 , McKnight et al 2002 , Bercoff et al 2003 , Sharma et al 2004 , Sinkus et al 2005 , Itoh et al 2006 , Insana et al 2004 , prostate (Lorenz et al 1999 , Cochlin et al 2002 , Souchon et al 2003 , Sommerfeld et al 2003 , Konig et al 2005 and other organs (Chakraborty et al 2006 , Lyshchik et al 2005 . Further, direct mechanical measurements of resected liver samples have indicated that elastic contrast also exists for many tumors in the liver (Yeh et al 2002) . Despite this finding, research evaluating the effectiveness of elasticity imaging methods to visualize human abdominal masses in vivo has been very limited (Emelianov et al 1998) (although diffuse liver and kidney diseases have been examined by many groups (Sanada et al 2000 , Weitzel et al 2004 , Foucher et al 2006 , Huwart et al 2006 , Klatt et al 2006 , Rouviere et al 2006 ). Establishing the feasibility of adequate abdominal tumor visualization with elasticity imaging is a fundamental step toward demonstrating the potential of utilizing these techniques to guide the placement of interventional devices.
Previous efforts have demonstrated the utility of acoustic radiation force impulse (ARFI) imaging for abdominal applications and noted some advantages of the ARFI technique for imaging at depth (Fahey et al 2005 (Fahey et al ,2006b ). In the current study, we investigate the feasibility of visualizing abdominal malignancies using the ARFI method. We provide images of liver and kidney tumors that are, to the best of our knowledge, the first in vivo elasticity images presented of malignant masses in these organs in humans. CT images of target regions are provided for comparative purposes. ARFI imaging is an ultrasound-based modality implemented entirely on a modified diagnostic scanner and is designed for complementary use with conventional real-time sonography. Thus, the use of a combined sonography/ARFI imaging system to aid in the placement of interventional devices would provide a clinician with information about tissue mechanical properties while retaining all of the benefits of US guidance.
Materials and methods

Patient population and imaging protocol
To date, nine consecutive patients have been recruited in an ongoing study approved by and conducted in full accordance with the guidelines established by the Duke University Medical Center (DUMC) Institutional Review Board. The subject population included five men and four women with a mean age of 60 years (range: 46-83 years). Patients eligible for inclusion had been admitted to DUMC and were scheduled for biopsy (n = 3) or treatment (n = 6) of suspicious masses in the liver (n = 7) and/or kidney (n = 2). Prior knowledge concerning the size, location or ultrasonic appearance of target masses was not utilized to determine patient eligibility and did not impact patient recruitment. One patient re-enrolled in the study when he returned for a second treatment (for a newly developed tumor) approximately 7 months following his initial participation. A second patient presented with masses in both the liver and kidney that were later determined to originate from primary renal cell cancer. Interventional treatments and experimental images in this patient were focused upon the liver masses, and thus this patient has been classified into the 'liver' patient subset. Data were acquired of a total of 12 tumors in the nine unique patients included in the study. Target masses were located at depths ranging from 2 to 10 cm. Written consent was obtained from all patients prior to their inclusion in the study.
All patient data were collected immediately prior to the scheduled interventional procedure. Experimental data were acquired using a Siemens SONOLINE Antares™ scanner (Siemens Medical Solutions USA, Inc., Ultrasound Division, Issaquah, WA) that has been modified to allow for custom beam sequencing and access to raw radiofrequency (RF) data. A Siemens CH4-1 curvilinear transducer array operating at 2.2 or 1.8 MHz was used during data acquisition. In each patient, B-mode ultrasound and ARFI images were acquired in regions of interest. B-mode images were acquired both as a standard screen capture using Siemens processing algorithms and as a reconstructed image created from raw RF data using custom processing algorithms. Although screen capture images were generally qualitatively superior, only the reconstructed images allowed for the calculation of contrast and precise anatomic registration with ARFI images. Screen capture images were acquired beginning with the 4th overall patient included in the study. All image data were collected during a patient breath hold. When possible without interfering with patient access, ECG gating was also utilized during data acquisition to minimize cardiovascular-related tissue motion in regions of interest (Fahey et al 2007) . A 3 pixel × 3 pixel spatial median filter was applied to all ARFI images prior to display.
B-mode and ARFI images were compared both qualitatively and quantitatively. Qualitative analyses included assessments of lesion boundary definition by observers both blinded to and familiar with gold-standard MR or CT data acquired as part of the patients' standard of care. Quantitative analyses included the calculation of image contrast. Echo contrast was calculated using envelope-detected RF (i.e., B-mode image) data saved during experimental imaging. Values stated in the text were calculated after log compression of B-mode image pixel magnitude, since virtually all diagnostic scanners log compress B-mode image data prior to display. However, for perspective, contrast values calculated from linearly scaled B-mode image data are provided in the complete data table. Displacement contrast was calculated from raw ARFI image displacement data.
Contrast calculations were performed using rectangular regions of interest (ROIs) that were selected both inside target lesions and in adjacent non-tumorous tissues. ROI location was chosen by the consensus of two observers after examination of B-mode and ARFI image data. ROIs within lesions were chosen to be as large as possible while confidently remaining within tumor boundaries. ROIs in adjacent non-tumorous tissues were assigned to be of the same size and shape as the corresponding region within the tumor. For each data set, the ROIs used for B-mode and ARFI image contrast calculations were identical. Contrast was calculated using the following formula:
where M b and M l are the mean B-mode or ARFI pixel magnitudes inside the non-tumorous background tissue and lesion ROIs, respectively. Imaging planes were selected in an attempt to center target lesions (those being biopsied or treated) in the ARFI image field-of-view (FOV). Analyses focused upon these target tumors. In some cases, additional tumors were contained in the image FOV. Uncertainties regarding the total size of these lesions and the percentage of lesion volume contained within the imaging plane led to the exclusion of these tumors from analysis.
CT or MR images acquired as part of the patients' standard of care were collected for reference. In all instances, indications present on MR and/or CT motivated referral to interventional clinics, and thus these reference images were acquired in the week(s) (range: 1-9 weeks) leading up to experimental ARFI imaging sessions. When possible, the ARFI imaging plane was chosen to be similar to cross-sections available with these other modalities, although limited acoustic windows and other factors (such as the oblique planes used commonly during freehand US imaging) prohibited precise correspondence in many patients. Due to difficulties associated with consistent plane registration of experimental and reference imaging modalities, a comprehensive comparison of lesion size in ARFI images to gold-standard reference measurements is not performed in this study. For a thorough analysis of the accuracy of crosssectional area and volume measurements made with ARFI imaging, the reader is referred to previous studies (Fahey et al 2006a) .
Acoustic radiation force and ARFI imaging
Acoustic radiation force is a phenomenon associated with the propagation of acoustic waves through a dissipative medium. The force originates from a transfer of momentum from the wave to the medium, arising either from absorption or reflection of the wave (Torr 1984) . In absorbing media (such as soft tissue), this body force (and the resulting tissue displacement) is in the direction of wave propagation.
ARFI imaging uses short duration (0.03-0.4 ms) pulses of ultrasound to excite target tissues. The dynamic response of tissues to impulsive radiation forces is recorded in the region of excitation using standard diagnostic ultrasound pulses transmitted at pulse repetition frequencies (PRFs) ranging from 3 to 12 kHz. Although 2D tissue tracking algorithms have been implemented, in most applications the tissue response is monitored solely in the direction of beam propagation. The tissue displacement/recovery behavior is calculated using ultrasonic correlation-based or Doppler methods (Kasai et al 1985 , Trahey et al 1987 , O'Donnell et al 1994 .
The tissue response to radiation force is monitored spatially as well as temporally. Twodimensional ARFI images are made by electronically translating the active transducer aperture to interrogate a new region of tissue. Acquisition times are a function of the line density, FOV and the temporal period over which each tissue region is monitored, and do not exceed 350 ms in most applications.
Assuming a uniform distribution of radiation force, the magnitude of induced tissue displacement is generally inversely related to tissue stiffness. The tissue recovery response is related to tissue's viscoelastic properties (Nightingale et al 2003) , most notably its shear modulus. In the focal region, the peak magnitude of resulting tissue displacement is typically on the order of 5-20 μm, with tissue recovery times ranging from 1 to 10 ms.
Previous investigations have examined to the potential of ARFI imaging to induce potentially harmful mechanical or thermal bioeffects Nightingale 2004, Nightingale et al 2002) . The radiation force beams used during ARFI imaging are similar to those used during color Doppler imaging. For abdominal applications, typical spatial-peak, pulse-average intensities (I SPPA ) are on the order of 820 W cm -2 in the focal region. Radiation force beams generally have pulse lengths on the order of 100-300 μs. For abdominal applications, these pulses have a beam width on the order of 2 mm in the focal zone.
ARFI imaging is implemented entirely on a modified diagnostic US scanner. Other than a laptop computer used to control data acquisition, no additional equipment is required for ARFI imaging. A single transducer is used to apply radiation force to tissues and to monitor the ensuing tissue dynamics. The use of an US platform allows for co-registered B-mode, color Doppler and ARFI images to be generated while retaining the portability and low operating costs associated with sonography. Table 1 provides a list of the image contrast values associated with the tumors encountered in this study. Several of the tumors in the table are provided as example images in this manuscript and are labeled accordingly. All tumors not shown as example images (labeled as 'NS' in the table) were metastases in non-cirrhotic liver. As indicated, displacement contrast in ARFI images is superior to echo contrast in (both log-compressed and linearly scaled) B-mode images for every mass imaged to date. The mean contrast for suspected hepatocellular carcinomas (HCCs) in B-mode images was 2.9 dB (range 1.5-4.2) versus 7.5 dB (range 3.1-11.9) in ARFI images, with all HCCs appearing more compliant (i.e., brighter) than regional cirrhotic nontumorous liver parenchyma. The mean contrast for hepatic metastases in B-mode images was 3.1 dB (range 1.2-5.2) versus 9.3 dB (range 5.7-13.9) in ARFI images, with all appearing relatively less compliant (i.e., darker) than regional non-cirrhotic, non-tumorous liver parenchyma.
Results
Quantitative analysis
There was one mass in the study (a renal malignancy being treated with cryoablation therapy) that was visualized poorly with both US and ARFI methods. Since the location of the mass in the resulting images was ambiguous, accurate contrast measurements could not be made. Data for this mass are therefore not included in table 1. Factors leading to poor visualization included patient obesity, phase aberration effects and deep (12+ cm) scan depths.
Imaging examples
Figures 1 and 2 show images from a 62-year-old male who was scheduled for biopsy after multiple suspicious liver masses were found with CT. Sonographic examination revealed the presence of several hypoechoic masses located throughout the liver. Biopsy results confirmed the presence of metastatic disease, likely originating from primary pancreatic cancer.
Figures 1(a) and (b) show transverse reconstructed B-mode and ARFI images, respectively, of a 2 cm metastasis in the left hepatic lobe. The mass appears slightly hypoechoic in the B-mode image and in the ARFI image as a dark region of low (<5 μm) displacement that is surrounded by more compliant (displacements larger than 12 μm) non-tumorous liver parenchyma (see arrows). Contrast of the mass is 4.6 dB in (a) and 13.9 dB in (b).
Figures 2(a) and (b) show longitudinal reconstructed B-mode and ARFI images in a different region in the same patient. Contained in the imaging plane are two metastases (the target mass is denoted in (b) by the broken arrow, a second mass found incidentally is denoted by the black arrow) and a portion of the heart (solid white arrow). Both masses appear hypoechoic in the B-mode image and as dark regions of relatively stiff tissue (reduced displacement magnitude) in the ARFI image. Displacement contrast of the target mass in the ARFI image (9.7 dB) is greater than echo contrast in the reconstructed B-mode image (2.6 dB). Figure 3 shows images from a 66-year-old male patient acquired immediately prior to RF ablation treatment of a 3.5 × 3.6 cm suspicious mass in the right hepatic lobe. The patient was known to have hepatitis C, cirrhosis and to be HIV-positive. Given the setting of cirrhosis and elevated α-fetoprotein (AFP) levels, this newly developed mass was clinically diagnosed as a HCC and treated accordingly (Nguyen et al 2003) .
Figures 3(a) and (b) show screen capture B-mode and ARFI images, respectively, of the HCC. The target malignancy is seen in (a) as a slightly hyperechoic structure surrounded by a hypoechoic fibrous capsule. In (b), the malignancy is shown as a bright region (arrow) of relatively high displacement (6-8 μm) that is surrounded by the stiff fibrous capsule (arrow heads). The remaining, non-tumorous liver tissue appears with relatively uniform but small (5 μm) displacement, consistent with bulk stiffening due to cirrhosis (Yeh et al 2002 , Sandrin et al 2003 , Ziol et al 2005 . Again, ARFI image contrast (11.9 dB) exceeds B-mode image contrast (4.2 dB). Figure 4 shows images of a 47-year-old female patient scheduled for a targeted liver biopsy. Previous examinations had confirmed the presence of liver cirrhosis and indicated several small (1-2 cm) lesions in the left lobe, fairly close to the anterior abdominal wall. Figures 4(a) and (b) show transverse reconstructed B-mode and ARFI images, respectively, acquired of the lesion prior to biopsy. In (a), the target mass is visualized as a low contrast hypoechoic structure (arrows) centered in the FOV. In (b), the mass is shown to be relatively compliant (bright) and surrounded by stiff non-tumorous liver parenchyma (consistent with the HCC shown in figure  3 ). Displacement magnitude in cirrhotic liver tissue (in this case, 6-8 μm) is reduced relative to displacement magnitudes induced with identical ARFI beam sequences in non-cirrhotic patients (for example, see figures 1 and 2). Figure 5 shows images of a 54-year-old male patient prior to cryoablative treatment of an 18 mm mass in the lower pole of the left kidney. The newly developed solid renal mass was diagnosed as renal cell carcinoma (RCC) based upon findings available through CT imaging (Miller 1999) . Transverse B-mode and ARFI images are shown in (a) and (b), respectively. Although the kidney is well visualized in (a) (see arrows), the renal malignancy is nearly imperceptible. The malignancy is better visualized in (b) as a dark region of low displacement at the edge of the kidney (indicated by solid arrows). Contrast of the tumor is 10.4 dB in the ARFI image and 0.9 dB in the B-mode image.
Discussion
The results presented in the previous section establish the feasibility of visualizing liver and kidney malignancies with ARFI imaging. We believe that these are the first human images of abdominal malignancies acquired in vivo using the ARFI method or any other elasticity imaging technique. Our preliminary data suggest that the ARFI method can provide improvements in boundary definition and contrast of tissue masses relative to the use of sonography alone. For all of the cases encountered to date, displacement contrast of both primary and secondary malignancies in ARFI images has been larger than echo contrast in conventional B-mode US images.
In general, boundary definition of lesions in ARFI images was superior to that seen in both screen capture and reconstructed B-mode images. In particular, the anterior margins of some tumors (located in the near field of the imaging system) were difficult to characterize in Bmode images. Improved visualization of tumor margins was achieved with ARFI imaging, although in several cases some tumor boundaries remained ambiguous. Intra-observer agreement between readers assessing pairs of B-mode and ARFI images was generally very good. Given the nature of this feasibility study and the limited number of lesions analyzed to date, a formal statistical analysis related to potential improvements in boundary definition has yet to be performed.
ARFI imaging can easily and inexpensively be integrated into imaging protocols already involving the use of conventional US, and thus a combined sonography/ARFI system may be a viable and useful platform for detecting and characterizing focal lesions and for guiding the placement of interventional devices. Sonography is the preferred method at many institutions for guiding device insertion, but its application remains limited by poor visualization of some target masses. Several of the cases encountered to date (for example, see figure 5 ) involved isoechoic target malignancies. These cases required extensive patient exposure to ionizing radiation from CT and CT-based fluoroscopic imaging for accurate device placement during treatment. Although it would be premature to suggest that a combined sonography/ARFI system could replace CT or MR methods for insertion guidance, the use of such a system could potentially reduce the reliance on these more expensive and complicated modalities. Although further investigation is required, it is likely that ARFI imaging could provide additional pertinent information to an interventionalist without increasing the cost or time requirements of a procedure.
Combined sonography/ARFI may also find use for tumor screening, lesion characterization and early detection of disease. HCC is the fifth most common cancer (Okuda 2000) , and curative treatment options available for early stage HCC are generally not available once the tumor reaches the intermediate or advanced stages (Livraghi et al 2004) . Despite this, screening for HCC is not considered cost-effective in regions with low prevalence, partially due to the low sensitivity of both sonography and AFP testing for this purpose (Yuen and Lai 2003) . Given a low cost, real-time imaging system capable of improving tumor contrast relative to using sonography alone, improvements in sensitivity and cost-efficiency may be achievable. The compliant mechanical nature of HCCs may also serve as a distinguishing feature, leading to an increase in specificity. Currently, the sensitivity and specificity of combined sonography/ ARFI imaging for this purpose is unknown. Future large-scale studies are required to determine these metrics and to evaluate the screening improvements that have been hypothesized.
Outside of the United States, contrast-enhanced ultrasound (CEUS) has been established as a viable method for lesion detection and characterization and for assistance with interventional procedures in the liver (Burns et al 2000 , Choi et al 2002 , Solbiati et al 1999 . To our knowledge, studies comparing the effectiveness of CEUS to any implementation of elasticity imaging are not reported in the literature. If ARFI imaging is proven to be a feasible alternative to CEUS for liver applications, it may hold potential advantages related to the cost and complexity of the imaging protocol.
The onset of fibrosis and cirrhosis in the liver is known to correspond with changes in the bulk elasticity of the organ. Accordingly, elasticity imaging methods have shown significant promise for assessment of diffuse liver disease (Sanada et al 2000 , Foucher et al 2006 , Huwart et al 2006 , Klatt et al 2006 , Rouviere et al 2006 . Preliminary quantitative in vivo results indicate that the ARFI method may also find use for this application (Nightingale et al 2006) . Although the present study has not attempted to reconstruct a tissue elastic modulus, the results presented herein indicate significantly lower displacement magnitudes induced in cirrhotic liver tissues relative to those induced in non-cirrhotic liver tissues. The ability to measure bulk liver stiffness while simultaneously screening for focal lesions is one advantage of ARFI imaging that is not associated with many other ultrasound-based methods of imaging tissue elasticity.
Tumors encountered in this study had diameters ranging from 1 to 4.5 cm and were located at depths ranging from 2 to 10 cm. From the initial results, no correlation was observed between ARFI image contrast or quality and either the depth or size of target lesions. However, acoustic attenuation effects currently limit achievable displacement magnitude in regions deeper than 10-12 cm. For deeper lying lesions, the use of lower transmit frequencies for radiation force pulses will likely prove advantageous.
The current study has several limitations, the most significant of which is likely the small number of patients included to date. Although we have been able to reach preliminary conclusions based upon our initial experiences, a more extensive study is required to confirm these findings and to establish the consistency of the ARFI method. It is also probable that some patients will present with masses having properties that differ from those encountered thus far. For instance, it is likely that in some masses echo contrast will exceed displacement contrast. Additionally, the mechanical response of benign abdominal masses to applied radiation forces has yet to be determined, and thus the ability of ARFI imaging to differentiate benign from malignant masses is largely unknown. Further, a formal study of the intra-and inter-operator reproducibility of the ARFI technique has yet to be performed. Future efforts will expand upon these initial results in order to more completely assess the utility of abdominal ARFI imaging.
A second limitation to our study is that thus far we have only acquired experimental images before and after (not during) the placement of interventional devices. Our initial focus was to establish the feasibility of consistent high-quality visualization of abdominal malignancies. Although we have hypothesized that the use of a combined sonography/ARFI system will aid in the placement of interventional devices, we have yet to collect any evidence to support this claim. A dedicated study comparing both the accuracy and the time and cost requirements of different image guidance mechanisms for device placement into masses with low echo contrast is necessary to evaluate this possibility.
In summary, we have presented the initial results from our clinical investigations into the utility of ARFI imaging for abdominal applications. Data collected to date indicate that ARFI imaging improves visualization of malignancies in the liver and kidney compared to the use of conventional US alone. In cirrhotic liver, suspected hepatocellular carcinomas were shown to be more compliant than regional liver. In non-cirrhotic liver, metastases were shown to be less compliant than regional liver. As ARFI imaging is ultrasound based, combined sonography/ ARFI scanning is a straightforward and inexpensive technique that allows for the strengths of the two modalities to be utilized in a highly complementary manner. Given the promising results encountered thus far, we believe that ARFI imaging has potential to become a valuable clinical tool. Note that boundary definition of the target metastasis is improved in the ARFI image relative to the B-mode image, particularly on the medial edge of the lesion. Tissue regions associated with the heart appear as noisy regions with large displacement variance in (b), a result consistent with tissue tracking errors associated with large magnitude and/or high velocity tissue motion (Fahey et al 2007) . The region of reduced displacement in (b) (indicated by a horizontal dashed arrow) likely originates from the relative magnitude of stationary clutter echoes in this region. Images of a suspicious mass in the left hepatic lobe of a 47-year-old female. Shown are transverse B-mode (a), transverse ARFI (b) and contrast-enhanced axial CT images acquired during the HAP (c) and PVP (d). B-mode and ARFI images were acquired with the transducer positioned below the sternum and angled slightly cephalad. ECG-gated acquisition was utilized with data collection occurring 350 ms following the detection of the QRS complex. Arrows in (a) and (b) indicate the apparent boundaries of the mass in the experimental images. Arrow in (c) indicates the mass being biopsied. Scale of the ARFI image is displacement in μm. Although the mass appears with poor boundary definition in (a), boundary definition during live B-mode imaging was marginally better. Boundary definition is relatively better in (b), but remains ambiguous in some regions. Biopsy results did not confirm the presence of malignant tissue, potentially due to the small size of the lesion and its difficult location. However, this patient is being followed with serial imaging to assess the growth of a mass that is highly suspicious for a primary liver tumor (such as HCC) given the setting of cirrhosis. Transverse B-mode (a), transverse ARFI (b) and axial CT (c) images of a small mass in the interpolar region of the left kidney of a 54-year-old male patient. B-mode and ARFI images were acquired with the transducer positioned sub-costally and angled slightly cephalad, without the use of ECG triggering. The ARFI image (b) shows nearly uniform displacement magnitude outside of the kidney, with larger displacements (∼6 μm, indicated by broken arrow) induced within the non-tumorous renal parenchyma. The malignancy is visualized as a dark region of low displacement at the edge of the kidney (indicated by solid arrows). Arrows in (a) outline boundaries of the kidney. Arrow in (c) indicates the target mass. Scale of the ARFI image is displacement in μm. Table 1 Contrast of abdominal malignancies in linear B-mode, log-compressed B-mode and linear ARFI images.
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